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We report here that at least one major pHi-regulatory mechanism, the HCO32/Cl2 exchanger, is quiescent in unfertilized
ouse eggs but becomes fully activated during early development following fertilization. Zygotes (8–12 h postfertilization)
xhibited a marked intracellular alkalinization upon external Cl2 removal, which is indicative of active HCO32/Cl2
exchangers, in contrast to the very small response observed in eggs. In addition, efflux of Cl2 from eggs upon external Cl2
removal was much slower than that from zygotes, indicating additional pathways for Cl2 to cross the plasma membrane in
ygotes. Furthermore, while zygotes quickly recovered from an induced alkalosis, eggs exhibited only a slow, incomplete
ecovery. Following in vitro fertilization (IVF), increased HCO32/Cl2 exchanger activity was first detectable about 4 h
postfertilization and reached the maximal level after about 8 h. The upregulation of HCO32/Cl2 exchanger activity after
ertilization appeared to occur by activation of existing, inactive exchangers rather than by synthesis or transport of new
xchangers, as the increase in activity following IVF was unaffected by inhibition of protein synthesis or by disruption of
he Golgi apparatus or the cytoskeleton. This activation may depend on the Ca21 transients which follow fertilization, as
uppression of these transients, using the Ca21 chelator BAPTA, reduced subsequent upregulation of HCO32/Cl2 exchanger
activity by about 50%. Activation of pHi-regulatory systems may be a widespread feature of the earliest period of embryonic
development, not restricted to species such as marine invertebrates as previously believed. © 1999 Academic Press
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HCO32/Cl2 exchangers mediate the electroneutral ex-
change of extracellular Cl2 for intracellular HCO32 (Alper,
991, 1994). The major function of nonerythrocyte HCO32/
Cl2 exchangers is the regulation of intracellular pH (pHi) in
the alkaline range. A graded stimulation of exchanger
activity occurs as pHi increases above a threshold or “set-
point” pHi, so that increases in pHi are corrected by the
xport of HCO32. In addition to pHi regulation, nonerythro-
cyte HCO32/Cl2 exchangers can also play a role in cell
olume regulation and epithelial fluid and ion transport.
We have previously shown that HCO32/Cl2 exchanger
ctivity is present in all stages of preimplantation embryo
n the mouse (Baltz et al., 1991; Zhao et al., 1995). Activityis highest at the one-cell (zygote) and two-cell stages and
decreases by the morula and blastocyst stages when the
392embryo enters the uterus (Zhao and Baltz, 1996). HCO32/Cl2
exchanger activity is required for maintenance of normal
pHi in the embryo and for recovery from intracellular
alkalosis, and embryo development will not occur in the
absence of functional exchangers when external pH is near
that of oviductal fluid (Zhao et al., 1995).
All identified HCO32/Cl2 exchangers are members of the
AE (anion exchanger) gene family (Alper, 1991, 1994),
which includes the erythrocyte band 3 protein (AE1) and at
least two other isoforms with wide tissue distributions
(AE2 and AE3). We have shown that mRNA encoding two
members of the AE family, AE2 and AE3, are expressed in
preimplantation mouse embryos. AE2 mRNA was detect-
able at all stages, with AE3 present from the two-cell stage
onward (Zhao et al., 1995). At the blastocyst stage, in which
there is little exchanger activity detectable in the outer
(apical) trophectoderm, AE2 protein is localized to the inner
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393Fertilization Activates HCO32/Cl2 Exchange(basolateral) membrane (Zhao et al., 1997), where it may
function in Cl2 and fluid transport to the blastocoel activity
(Brison and Leese, 1993; Zhao et al., 1997). Thus, expression
and function of HCO32/Cl2 exchangers is vital for preim-
plantation embryo development.
In some marine invertebrates, activation of pHi-reg-
latory transporters is a feature of egg activation. In the sea
rchin, a Na1/H1 antiporter is activated within minutes of
ertilization (Johnson et al., 1976; Epel, 1988). This fertili-
ation-induced activation of the antiporter results in a
ermanent increase in pHi which is required for optimal egg
ctivation and subsequent embryo development. In mam-
als, however, no such increase in pHi occurs following
ertilization; instead, the unfertilized egg of mouse, rat, and
uman has a pHi indistinguishable from that of the one-cell
embryo and later preimplantation stages. No perturbation
of pHi was observed at fertilization in these species (Kline
and Zagray, 1995; Ben-Yosef et al., 1996; Phillips and Baltz,
1996; Dale et al., 1998) although a small, transient alkalin-
ization was reported to accompany parthenogenetic activa-
tion of porcine oocytes (Ruddock et al., 1998). Therefore,
based on this lack of any significant net change in pHi upon
ertilization, it has been assumed that activation of pHi-
regulatory mechanisms is not a feature of mammalian
fertilization, unlike fertilization in many marine inverte-
brates. However, activation of pHi-regulatory mechanisms
can occur without causing a net change in pHi, yet still
onfer upon metabolically activated cells robust control
ver pHi (Ganz et al., 1989). Since no information was
available about pHi regulation or HCO32/Cl2 exchanger
activity in the unfertilized mammalian egg, it was unclear
whether pHi-regulatory activity remained unchanged after
fertilization and egg activation. Therefore, we have inves-
tigated whether the activity of pHi-regulatory HCO32/Cl2
exchangers is altered by fertilization in the mouse.
MATERIALS AND METHODS
Chemicals
All chemicals and drugs were obtained from Sigma (St. Louis, MO)
unless otherwise noted. 4,49-Diisocyanatostilbene-2,29-disulfonic acid
disodium salt (DIDS), 4,49-diisothiocyanatodihydrostilbene-2,29-
isulfonic acid disodium salt (H2DIDS), valinomycin, rhodamine
phalloidin, NBD C6 ceramide, carboxyseminaphthorhodafluor-1-
cetoxymethyl ester (SNARF-1-AM), N-(ethoxycarbonylmethyl)-6-
ethoxyquinolinium bromide (MQAE), 5-oxazolecarboxylic acid
-(6-(bis(2-((acetyloxy)methoxy)-2-oxoethyl)amino)-5-(2-(2-(bis(2-
(acetyloxy)methoxy)-2-oxoethyl)amino)-5methylphenoxy)ethoxy)-
-bensofuranyl) (acetyloxy)methyl ester (fura-2-AM), 4-bromo-A23187
4-Br-A23187), and 1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9-
etraacetic acid (BAPTA-AM) were obtained from Molecular Probes
Eugene, OR). N-[2-((p-Bromocinnamyl)amino)ethyl]-5-isoquino-
inesulfonamide HCl (H-89), and phorbol-12,13-didecanoate (PDD)
ere obtained from Calbiochem (La Jolla, CA). Stock solutions
ere prepared in water (cycloheximide, dibutyrladenosine 3,5-yclic monophosphate (dbcAMP)), ethanol (cytochalasin D, deme-
olcine, nigericin), methanol (brefeldin A), or dimethyl sulfoxide
Copyright © 1999 by Academic Press. All rightDMSO) (4-Br-A23187, BAPTA-AM, fura-2-AM, SNARF-1-AM,
QAE, valinomycin, H-89, phorbol 12-myristate 13-acetate (PMA),
DD, D-erythrosphingosine, forskolin, 3-isobutyl-1-methylxanthine
IBMX), rhodamine phalloidin, DIDS, H2DIDS, and NBD C6 cer-
amide), all stored at 220°C. H2DIDS, a nonfluorescent analog of
he anion-exchange inhibitor DIDS which fluoresces when excited
n the UV, was used instead of DIDS at a lower concentration (20
mM vs 500 mM) during UV excitation of MQAE to eliminate inter-
fering fluorescence due to the drug. Although 20 mM DIDS or
2DIDS is sufficient to maximally inhibit anion exchange, a higher
oncentration of DIDS was used in most experiments to produce
mmediate inhibition even if mixing was not immediately com-
lete during solution changes. DIDS and H2DIDS inhibit anion
xchange at similar concentrations, and both significantly inhibit
elow 20 mM (Lee et al., 1991; Humphreys et al., 1994; Zhao and
Baltz, 1996).
Solutions
All media were based on KSOM embryo culture medium (La-
witts and Biggers, 1993) which contained (in mM) 95 NaCl, 2.5
KCl, 0.35 KH2PO4, 0.2 MgSO4, 10 Na lactate, 0.2 glucose, 0.2 Na
pyruvate, 25 NaHCO3, 1.7 CaCl2, 1 glutamine, 0.01 tetrasodium
DTA, 0.03 streptomycin SO4 and 0.16 K penicillin G, and 1 mg/ml
bovine serum albumin (BSA). Media were equilibrated with 5%
CO2/air except where noted. For sperm capacitation and in vitro
ertilization (IVF), glucose was increased to 5.56 mM and a total of
0 mg/ml fatty-acid-free BSA (IVF-KSOM; Summers et al., 1995).
he media used for pHi measurements had 9 mM Na lactate
eplaced with NaCl (total 104 mM NaCl and 1 mM Na lactate) and
id not contain BSA. For handling of eggs and zygotes, Hepes-
SOM (pH 7.4; Lawitts and Biggers, 1993) was used. For Cl2-free
KSOM, all Cl2 salts were replaced with corresponding gluconate
salts. Cl2-free solutions contained 6 mM Ca gluconate to produce
1.7 mM free Ca21 after allowing for Ca21 buffering by gluconate
(Baltz et al., 1991). For ammonium-containing KSOM, 35 mM
NaCl was replaced with NH4Cl, and NaHCO32 was reduced to 12
M by equimolar replacement with NaCl (Baltz et al., 1991; Zhao
nd Baltz, 1996). Cl2-free ammonium-containing medium was
roduced by replacing the NaCl, KCl, and CaCl2 with gluconate
salts and the 35 mM NH4Cl with 17.5 mM (NH4)2SO4, and 9 mM
ucrose was added to maintain osmolarity. Ca21-free KSOM used
for intracellular Ca21 calibration contained 2 mM EGTA, and
aCl2 was omitted, while saturating Ca21 KSOM contained 50 mM
CaCl2. Phosphate-buffered saline (PBS), pH 7.2, contained (in mM)
37 NaCl, 2.7 KCl, 8.1 Na2HPO4, 1.5 KH2PO4 (Hogan et al., 1986).
Absolute ethyl alcohol (Corby Distilleries, Corbyville, ON) was
used as a 7% (v/v) solution in PBS for parthenogenetic activation
(Hogan et al., 1986).
Egg and Zygote Collection
Mice were maintained on a 12-h light:dark cycle. Female CF1
mice (6–8 weeks; Charles River, Canada) were superovulated using
5 IU PMSG (Sigma) followed 48 h later by 5 IU hCG (Sigma), both
administered intraperitoneally. For zygotes, females were caged
with BDF males immediately following administration of hCG.
Unfertilized eggs were collected 13.5–16 h post-hCG while zygotes
were collected either 13.5–16 h or 24–28 h post-hCG as specified.
These zygotes were assumed to be 3–5 and 8–12 h postfertilization,
respectively. Where appropriate, the cumulus was removed by
exposure to 300 mg/ml hyaluronidase in Hepes-KSOM for 6–8 min
(Hogan et al., 1986).
s of reproduction in any form reserved.
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394 Phillips and BaltzEmbryos were cultured according to standard techniques in
drops of medium (approximately 50 ml) in 35-mm tissue culture
dishes (Fisher, Pittsburgh, PA; Falcon 3001) overlaid with KSOM-
equilibrated mineral oil (embryo tested; Sigma). The dishes were
preequilibrated with 5% CO2/air at 37°C and 100% humidity
efore use.
In Vitro Fertilization and Parthenogenetic
Activation
Sperm were obtained from CD-1 males (12–15 weeks). Caudal
epididymal and vas deferens sperm were released into 1.5-ml
microcentrifuge tubes containing 1 ml IVF-KSOM and capacitated
for 1 h. Cumulus masses, obtained from CF-1 females 13.5 h
post-hCG, were transferred to separate 25-ml microdrops of IVF-
SOM under oil preequilibrated at 37°C, 5% CO2. Approximately
3 105 motile, capacitated sperm were added to each microdrop at
14.5 h post-hCG. After 1 h, eggs were washed free of unbound
sperm and placed into microdrops of KSOM until used. Using this
protocol, we found that 75.4 6 6% of the eggs cleaved to the
two-cell stage after 24 h of culture, indicating that they had been
fertilized, and 87.3 6 5% of these two-cell embryos progressed to
$four-cell stage by 72 h of culture (92(9); n(N); n is the number of
eggs cultured and N is the number of experiments). Furthermore,
Ca21 transients could be detected as early as 45 min post-sperm–
egg incubation. The proportion of fertilized eggs that demonstrated
Ca1 transients immediately following IVF was representative of
he proportion of fertilized eggs with two pronuclei 3–5 h post-IVF.
or parthenogenetic activation, fresh, cumulus-denuded eggs were
xposed to 7% ethanol in PBS at room temperature for 5 min and
hen transferred to preequilibrated (37°C, 5% CO2) microdrops of
KSOM under oil. Control eggs were exposed to PBS without
ethanol.
After fertilization or egg activation, fertilized/activated eggs
were selected for measurements as soon as it became possible to
distinguish them. Eggs from mated females, examined 3–5 h
postfertilization, were assumed fertilized if at least one pronucleus,
one polar body, and darker cytoplasm were observed; .5 h postfer-
tilization, eggs were considered fertilized if two pronuclei were
observed. After IVF, a few of the fertilized eggs could be distin-
guished as early as 3–4 h post-sperm–egg incubation by the
appearance of pronuclei, while pronuclei were clearly visible in all
fertilized eggs from 4.5 h post-sperm–egg incubation onward. After
parthenogenetic activation, activated eggs with two pronuclei
could be seen .15 h post-ethanol exposure, and these were se-
lected.
Intracellular pH, Cl2, and Ca21 Measurements
The methods used in pHi, intracellular Cl2, and intracellular
a21 measurements have been described previously (Baltz et al.,
1990; Zhao et al., 1995, 1997; Baltz and Phillips, 1998; Phillips et
al., 1998). pHi was measured using the pH-sensitive fluorophore
NARF-1 (House, 1994; Zhao et al., 1995; Zhao and Baltz, 1996;
Phillips and Baltz, 1996; Phillips et al., 1998), changes in intra-
cellular Cl2 concentration were detected using the Cl2-sensitive
uorophore MQAE (Verkman, 1990; Zhao and Baltz, 1997; Phil-
ips et al., 1998), and intracellular Ca21 (Ca21 i) was detected
using fura-2. Eggs and zygotes were loaded with fluorophores by
a 30-min incubation in Hepes-KSOM with 5 mM SNARF-1-AM,0 mM MQAE, or 2 mM fura-2-AM. After several washes, eggs/
ygotes were transferred to a temperature-controlled chamber.
Copyright © 1999 by Academic Press. All rightimultaneous measurements were made with groups of 5–20
andomly chosen eggs or zygotes. Fluorescence was detected
sing an intensified CCD camera with output to an image stor-
ge and quantification system (Inovision, Durham, NC). For
NARF-1, two emission wavelengths were used, 640 nm (pHi
sensitive) and 600 nm (pHi insensitive), with an excitation wave-
length of 535 nm. The ratio of the two intensities (640/600),
which is dependent only on pHi, was calculated by dividing the
images after background subtraction. Ratio was calibrated to pHi
using calibration solutions containing 10 mg/ml nigericin and 5
mg/ml valinomycin with 100 mM K1 (Thomas et al., 1979; Baltz
t al., 1990). pHi calibration curves were generated regularly and
ere indistinguishable for unfertilized eggs, parthenogenetically
ctivated eggs, and zygotes (Phillips and Baltz, 1996). For intra-
ellular Cl2 measurements, MQAE-loaded eggs and zygotes were
excited at 365 nmand emission intensity was measured at 460
nm. Since Cl2quenches MQAE fluorescence, an increasing emis-
sion intensity was assumed to indicate a decreasing intracellular
Cl2 concentration (Verkman, 1990; Zhao et al., 1997; Baltz and
Phillips, 1998). MQAE intensity was normalized using the
average baseline intensity measured for 5 min before any experi-
mental manipulation. Intracellular Ca21 was detected using dual
excitation wavelengths of 380 and 350 nm and was calibrated
according to the methods of Grynkiewicz et al. (1985). Ca21-free
KSOM (2 mM EGTA) and saturated Ca21 KSOM (both with 5 mM
Ca21 ionophore 4-Br-A23187) were used for Ca21 i calibration.
uring measurements, eggs or zygotes were maintained at 37°C
60.5°C) in a temperature-controlled chamber (Biophysica, Bal-
imore, MD) that was modified to allow solution changes and
ontrol of the atmosphere.
Cl2 Removal Assay for HCO3
2/Cl2 Exchange
ctivity
Upon exposure of cells to Cl2-free solution, any HCO32/Cl2
exchanger present will run in reverse, resulting in intracellular
alkalinization due to HCO32 influx coupled to Cl2 efflux (Nord et
l., 1988). Intracellular alkalinization upon Cl2 removal is there-
ore indicative of HCO32/Cl2 exchanger activity and the initial rate
of alkalinization serves as a measure of activity (Nord et al., 1988;
Zhao and Baltz, 1996). SNARF-1-loaded eggs or zygotes were placed
in the chamber in BSA-free, low-lactate (1 mM), KSOM for 10 min
to establish a baseline, after which the solution was changed to
Cl2-free, low-lactate KSOM for 20 min. The initial rate of intracel-
lular alkalinization upon Cl2 removal was determined using linear
egression (SigmaPlot; Jandel Scientific, San Rafael, CA). To exam-
ne changes in intracellular Cl2 levels upon external Cl2 removal,
the same maneuver was performed with MQAE-loaded eggs or
zygotes, and the rate of change of MQAE fluorescence was deter-
mined by linear regression.
Recovery from Induced Alkaline Load
To examine the role of HCO32/Cl2 exchange in recovery from an
increase in pHi, intracellular alkalosis was induced using the
ermeant weak base NH4Cl (Boron and DeWeer, 1976; Roos and
oron, 1981; Zhao and Baltz, 1996). SNARF-1-loaded eggs or
ygotes were placed into the chamber in Cl2-free, low-lactate
SOM for 20 min to deplete intracellular Cl2 and thus maximize
he inward Cl2 gradient (Zhao and Baltz, 1996). The external
solution was then changed to 35 mM NH4Cl, 12 mM HCO32 KSOM
for 20 min to induce maximal alkalosis, and measurements were
s of reproduction in any form reserved.
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395Fertilization Activates HCO32/Cl2 Exchangecontinued. When appropriate, HCO32/Cl2 exchange activity was
inhibited by 500 mM DIDS in the NH4Cl solution or by omitting
external Cl2. The rate of recovery from alkalosis was determined
by fitting the recovery from alkalosis to a single exponential by
nonlinear regression (SigmaPlot). The first derivative was used to
calculate the rate of recovery as a function of pHi. For statistical
analysis, recovery rates in different treatment groups were com-
pared at the same pHi (7.4).
Protein Trafficking and Signal Transduction
Immediately following IVF, newly fertilized eggs were cultured
in KSOM with 50 mg/ml cycloheximide (inhibits protein synthesis;
Siracusa et al., 1978; DeSousa et al., 1993), 5 mg/ml brefeldin A
(disrupts Golgi apparatus; DeSousa et al., 1993; Ivessa et al., 1995;
Fujiwara et al., 1998), 10 mM cytochalasin D (disrupts actin
laments; Schatten et al., 1989), or 0.1 or 1.0 mg/ml demecolcine
(disrupts microtubules; Prather and First, 1986; no difference was
seen between concentrations, so data were pooled). In all cases, the
vehicle for the drug was used as a control. Disruption of F-actin by
cytochalasin D was confirmed by confocal microscopy of zygotes
stained with 6.6 mM rhodamine phalloidin. Similarly, disruption of
microtubule-based motility was confirmed by the arrest of cleavage
to the two-cell stage. Cycloheximide and brefeldin A were used at
concentrations previously shown to disrupt protein synthesis and
the Golgi in mouse embryos, respectively (Siracusa et al., 1978;
DeSousa et al., 1993).
Intracellular cAMP concentration was increased with 0.3 mM
dbcAMP, 0.2 mM IBMX, and 0.1 mM forskolin (Schultz et al.,
1983). cAMP-dependent protein kinase (PKA) activity was inhib-
ited with H-89 (5 mM; Yuan and Bers, 1995; Connor and Henderson,
1996). Protein kinase C (PKC) was stimulated with the phorbol
esters PDD or PMA (100 nM; Moore et al., 1995; Rose-Hellekant
and Bavister, 1996) or inhibited with sphingosine (10 mM; Hannun
et al., 1986; Ohsugi et al., 1993). HCO32/Cl2 activity was assayed in
ach case by the Cl2 removal assay.
mRNA Detection in Eggs and Zygotes
Messenger RNAs encoding the AE2 isoform of HCO32/Cl2 ex-
changer, previously shown to be the sole AE isoform in zygotes
(Zhao et al., 1995), were detected in eggs and zygotes by reverse
transcription followed by polymerase chain reaction (RT-PCR)
with AE2-specific primers as previously described (Zhao et al.,
1995). Reverse transcriptions were performed on pooled samples of
30, 10, or 5 unfertilized eggs or zygotes (approximately 10 h
postfertilization) in 20-ml reaction volumes. PCR was then per-
formed on 1-ml aliquots of the reverse transcribed cDNA, so that
there were 1.5, 0.5, or 0.25 egg or zygote equivalents per reaction.
PCR products of the appropriate size (210 bp) were detected using
ethidium bromide-stained agarose gels.
Suppression of Ca21 Transients
Immediately following IVF, newly fertilized eggs were cultured
in KSOM in the presence of 20 mM BAPTA-AM (or vehicle control)
for 30 min. Eggs were washed free of BAPTA-AM and cultured for
6–8 h whereupon zygotes (with two pronuclei) were removed for
assessment of HCO32/Cl2 exchange using the Cl2 removal assay
with SNARF-1. Development to the pronuclear stage was unaf-
fected by BAPTA. Ca21 transients were measured in some
groups immediately following sperm– egg incubation or egg/
o
Copyright © 1999 by Academic Press. All rightembryo retrieval. For these, newly fertilized eggs, unfertilized eggs,
or zygotes (13.5–16 h post-hCG) were loaded with fura-2 and Ca21 i
was measured for 20–60 min in KSOM. Ca21 i was calibrated as
escribed above.
Statistics
Data are presented as the mean 6 the standard error of the mean
(SEM). In all cases, P , 0.05 was considered significant. Descriptive
statistics were obtained using SigmaPlot (Jandel Scientific).
Throughout, n indicates the total number of eggs or zygotes, while
N indicates the number of separate experiments. Statistical com-
parisons were done using InStat (GraphPad Instat, San Diego, CA).
Bartlett’s test for homogeneity of variances was used to determine
whether parametric or nonparametric tests were appropriate. Sta-
tistical comparisons between several groups were then made using
parametric ANOVA (pANOVA) or nonparametric ANOVA
(nANOVA) as appropriate, followed by Tukey–Kramer’s multiple
comparisons test or Dunn’s test, respectively. t tests were used for
comparison when there were two groups of data.
RESULTS
Comparison of HCO3
2/Cl2 Exchanger Activity in
Unfertilized Eggs and Zygotes by Cl2 Removal
ssay
The rates of intracellular alkalinization upon Cl2 re-
moval were measured, using the pH-sensitive fluorophore
SNARF-1, in ovulated, unfertilized eggs and in in vivo-
fertilized zygotes (Fig. 1). The mean initial rate of intracel-
lular alkalinization was about fourfold lower in eggs than in
these zygotes 8–12 h postfertilization (P , 0.001; pANOVA;
statistical tests also included eggs and zygotes with DIDS—
see below). Furthermore, the maximal pHi reached after Cl2
removal was generally higher in zygotes than in eggs (Figs.
1B and 1C). The HCO32/Cl2 exchanger inhibitor DIDS (500
mM) did not significantly decrease the rate of intracellular
alkalinization in eggs (P . 0.05) but completely inhibited
the alkalinization in zygotes (Figs. 1A and 1C; P , 0.001;
ANOVA).
Comparison of Cl2 Efflux upon External Cl2
Removal in Eggs and Zygotes
The normalized rate of increase of MQAE fluorescence
intensity (%/min) upon external Cl2 removal in eggs and
in vivo fertilized zygotes (8 –12 h postfertilization) pro-
vides a relative measure of their Cl2-efflux rates (Fig. 2).
The rate of Cl2 efflux was significantly faster in zygotes
compared to eggs (P 5 0.037; Welch’s t test). The apparent
l2 efflux was almost completely inhibited by H2DIDS
(nonfluorescent DIDS analog; 20 mM) in both eggs and
zygotes (Fig. 2). Thus, the H2DIDS-inhibitable Cl2 efflux
as approximately twofold lower in eggs compared to
ygotes. The significant H2DIDS-inhibitable component
f Cl2 efflux from eggs and some of the efflux from
zygotes may be due to the presence of Cl2 channels,
s of reproduction in any form reserved.
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396 Phillips and Baltzwhich have been detected in mouse eggs and zygotes by
whole-cell patch clamp recordings (Kolajova and Baltz,
1999), since Cl2 channels are similarly inhibited by
IDS. We were not able to use nominally Cl2-channel-
specific inhibitors (e.g., IAA-94) to eliminate this compo-
nent, as we found that they significantly inhibited
HCO32/Cl2 exchange in zygotes (data not shown). HCO32-
free medium could not be used to selectively eliminate
HCO32/Cl2 exchange since MQAE fluorescence was un-
FIG. 1. HCO32/Cl2 exchanger activity measured by intracellular al
of intracellular alkalinization (mean 6 SEM) after external Cl2 r
absence or presence of 500 mM DIDS. Numbers above bars: n(N), w
number of experiments. (B and C) Representative traces of pHi vs tim
(C) in the presence (F) or absence (E) of DIDS.table in the absence of HCO32, for unknown reasons (not
hown).
2
3
Copyright © 1999 by Academic Press. All rightRecovery from Intracellular Alkalosis in
Unfertilized Eggs and Zygotes
The rate of pHi recovery from an alkaline load induced by
xposure to 35 mM NH4Cl was compared in unfertilized
eggs and in zygotes (8–12 h postfertilization), to assess
HCO32/Cl2 exchanger activity when mediating its normal
physiological function of protection from alkalosis (Fig. 3).
The mean rate of recovery measured at pHi 7.4 was
ization in eggs and zygotes upon chloride removal. (A) Initial rates
al in ovulated eggs and zygotes (8–12 h postfertilization) in the
n represents the total number of eggs/zygotes and N represents the
ring removal of external Cl2 (110 to 0 mM) for eggs (B) and zygoteskalin
emov
here0.012 6 0.004 (pHU/min; 6 SEM) in unfertilized eggs (Fig.
A), which was significantly lower than the recovery in
s of reproduction in any form reserved.
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397Fertilization Activates HCO32/Cl2 Exchangezygotes (Fig. 3B; 20.054 6 0.005; P , 0.001; pANOVA).
Results were similar at all pHi’s above about 7.1 (Figs. 3A
nd 3B). Furthermore, recoveries in eggs were incomplete,
ith the recovery often ceasing not far below pHi 7.4–7.5.
here was a significant reduction in the rate of recovery in
ygotes in the absence of external Cl2 (P , 0.001; Figs. 3B
and 3D) while there was no significant reduction in eggs
(P . 0.05; pANOVA; Figs. 3A and 3C). The rate of recovery
in zygotes was similarly decreased by the presence of DIDS
(P , 0.001; Fig. 3B) while there was again no effect in eggs
P . 0.05; Fig. 3A). The set-point of the exchanger was
etermined in zygotes by assuming that it was the point at
hich the activity fell to the nonspecific level seen in the
resence of DIDS or the absence of Cl2 (Fig. 3B). The value
f the set point in zygotes was approximately 7.12. In some
f the recoveries, amiloride (1 mM) was included to ensure
hat any possible Na1/H1 antiporter activity was not slow-
FIG. 2. Cl2 efflux upon external Cl2 removal measured by changes
ntensity upon chloride removal (6SEM); open bars), which w
ostfertilization (*P , 0.05). 20 mM H2DIDS (solid bars) greatly red
Representative traces of MQAE intensity in eggs and zygotes vs tim
bars as in Fig. 1.ing recovery by opposing acidification. However, no effect
of amiloride was seen in either eggs or zygotes (data not
i
Copyright © 1999 by Academic Press. All righthown; P . 0.05; pANOVA) and so the data were pooled
ith control recoveries in the absence of amiloride.
Appearance of HCO3
2/Cl2 Exchanger Activity
Following Fertilization or Parthenogenetic
Activation
Since we found a clear difference in HCO32/Cl2 exchanger
ctivity between eggs and in vivo-fertilized zygotes assessed
t about 8–12 h postfertilization (above), we then deter-
ined the timing of appearance of this increase in activity
ollowing fertilization. In vivo-fertilized zygotes collected
uch earlier (3–5 h postfertilization) were found to have a
ignificantly lower rate of HCO32/Cl2 exchanger activity
0.023 6 0.007 pHU/min 6 SEM; n 5 81; N 5 7) than
zygotes collected 8–12 h postfertilization (n 5 57; N 5 7;
.052 6 0.004 pHU/min; P 5 0.0037; Student’s t test),
QAE intensity. Shown is the mean initial rate of change of MQAE
gnificantly lower in unfertilized eggs than in zygotes 8–12 h
the rate of increase in MQAE intensity in both eggs and zygotes.
ing Cl2 removal (at 12 min) are shown in the inset. Numbers abovein M
as si
ucedndicating that HCO32/Cl2 exchanger activity was not fully
activated shortly after fertilization.
s of reproduction in any form reserved.
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398 Phillips and BaltzTo more precisely examine the onset of HCO32/Cl2 ex-
change activity following fertilization, IVF with a short (1 h)
sperm–egg incubation was used. Intracellular alkaliniza-
tion upon Cl2 removal was used as an indicator of HCO32/
Cl2 exchanger activity, as above. HCO32/Cl2 exchanger
activity increased gradually over the first 8–10 h following
a 1-h sperm–egg incubation. Activity was first detectable
after about 4 h postfertilization with half-maximal activity
reached by about 6 h and maximal activity reached by about
FIG. 3. Recovery from induced alkaline load. The mean rate of rec
from exponential fits to recovery data as described in the text for ev
(B) Recovery rates in zygotes 8–12 h postfertilization. The dashed
set-point pHi (see text). (C and D) Representative traces of intrac
H41-induced alkaline loading (NH41) are shown for eggs (C) and
ecovery. Numbers in legends as in Fig. 1.8 h postfertilization (Fig. 4). This maximal rate of activity
continued unchanged in IVF-derived embryos cultured to
Copyright © 1999 by Academic Press. All righthe two-cell stage (Fig. 4). The rates of alkalinization
chieved following some period of in vitro culture (in both
VF-derived and zygotes cultured from 3 to 5 h postfertil-
zation) were higher than rates of alkalinization in mea-
ured freshly flushed in vivo-derived embryos. The reasons
or this are unknown.
As shown above, unfertilized eggs had very low HCO32/
l2 exchanger activity. Simply maintaining unfertilized
eggs in culture for up to 8 h following a mock 1-h sperm–
(6SEM) from an ammonium-induced alkaline load was calculated
.1 pH unit between 7.1 and 7.6. (A) Recovery rates in ovulated eggs.
is fit to the linear portion of the data and used to estimate the
ar pH showing initial chloride unloading (0 Cl2) and subsequent
tes (D) in the presence () or absence () of external Cl2 duringovery
ery 0
line
ellulegg incubation without sperm did not induce any notable
increase in activity (Fig. 4.), indicating that egg activation
s of reproduction in any form reserved.
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399Fertilization Activates HCO32/Cl2 Exchangewas necessary for the increase in HCO32/Cl2 exchanger
activity.
HCO32/Cl2 exchanger activity is generally a function of
Hi (cf. Fig. 3), and thus an increase in baseline pHi could
potentially underlie an increase in the activity as measured
by Cl2 removal. We therefore determined the baseline pHi
for the eggs and IVF-derived zygotes shown in Fig. 4. The
mean pHi of zygotes from 1 to 12 h after a 1-h sperm–egg
ncubation was 7.07 6 0.01 (n 5 219; N 5 27) and did not
change with time (P 5 0.20; pANOVA). The mean pHi for
eggs measured from 1 to 9 h after a 1-h incubation without
sperm was 7.09 6 0.02 (n 5 154; N 5 12) and also did not
hange significantly with time (P 5 0.70; pANOVA). Fur-
hermore, there was no significant difference between the
verall mean pHi of eggs or zygotes (P 5 0.40; Student’s t
FIG. 4. Development of HCO32/Cl2 exchange activity with time a
assay at various times after a 1-h sperm–egg incubation (zygotes
intracellular alkalinization (6SEM) upon Cl2 removal are given f
incubation (F, 16–43 h post-hCG) and for unfertilized eggs (E, 15–23
or zygotes (n) and eggs (h). Each point represents the mean rate of aest).
DIDS inhibited the Cl2-removal-induced alkalinization
r
f
Copyright © 1999 by Academic Press. All rightwhich appeared after IVF (Fig. 4.). A comparison of the
activity in eggs with or without DIDS apparently reveals a
very small level of HCO32/Cl2 exchanger activity in these
ultured eggs, which was not detected by this assay in
reshly obtained eggs (Fig. 1A) nor seen in measurements of
ecovery from alkalosis in eggs (Fig. 3A).
Following parthenogenetic activation of eggs by exposure
o 7% ethanol/PBS for 5 min, HCO32/Cl2 exchanger activity
ncreased to a level similar to that found in IVF-derived
ygotes, albeit with a slower time course (Fig. 5). By 15 h
ostactivation, when parthenogenetic activation could be
eliably assessed by the appearance of pronuclei, there was
significant increase of HCO32/Cl2 exchange in activated
ggs as measured by the Cl2 removal assay (P , 0.001;
ANOVA). At 25 h, the activity had reached levels compa-
IVF. HCO32/Cl2 exchange activity was assayed by the Cl2 removal
an identical 1-h incubation without sperm (eggs). Mean rates of
gotes fertilized in vitro and cultured for 1–27 h post-sperm–egg
st-hCG). The rates in the presence of 500 mM DIDS are also shown
ization for two to five separate experiments (19–35 eggs/embryos).fter
) or
or zyable to those seen in IVF-derived zygotes about 8 h after
ertilization. Exposure to PBS alone did not parthenogeneti-
s of reproduction in any form reserved.
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400 Phillips and Baltzcally activate eggs and did not activate HCO32/Cl2 ex-
change, since activity remained unchanged when measured
after 15 h in culture following exposure to PBS alone (Fig. 5).
Effect of External pH on Upregulation of HCO3
2/
Cl2 Exchanger Activity
Because the oviduct is thought to be considerably alka-
line, we determined whether external pH would affect the
maximal rate of HCO32/Cl2 exchanger activity. Zygotes
ollected 3–4 h postfertilization in vivo, at which time
CO32/Cl2 exchanger activity is low, were cultured at pH
6.9, 7.3, or 7.6–7.8 to the two-cell stage, followed by Cl2
removal to assess HCO32/Cl2 exchanger activity. The pH of
he culture medium was set to acid or alkaline pH by
arying either concentrations of HCO32 (10, 25, or 79 mM;
H 6.9, 7.3, and 7.8 at 5% CO2) or CO2 tension (2.5, 5, or
12.5%; pH 7.6, 7.3, and 6.9 with 25 mM HCO32). Exchanger
activity was assessed in the resulting two-cell embryos by
Cl2 removal after equilibration with pH 7.3 medium. There
was no difference in HCO32/Cl2 exchanger activity in two-
ell embryos cultured at 2.5, 5, or 12.5% CO2 (rates 0.049 6
0.005, 0.056 6 0.007, and 0.056 6 0.003, respectively, n 5
FIG. 5. Development of HCO32/Cl2 exchange activity with time
after parthenogenetic activation. HCO32/Cl2 exchange activity was
assayed as in Fig. 4. Mean rates of intracellular alkalinization
(6SEM) upon Cl2 removal are shown for eggs parthenogenetically
activated with 7% ethanol/PBS (F) and control eggs (E; exposed
nly to PBS). Each point represents the mean rate of alkalinization
6SEM) for seven or eight separate experiments with a total of
4–106 eggs or zygotes.
Copyright © 1999 by Academic Press. All right10–119, N 5 8–9; P . 0.05). A higher concentration of
HCO32 in culture appeared to result in a small but signifi-
cant decrease in the level of activity which developed
(0.067 6 0.008 after culture in 10 mM HCO32 vs 0.038 6
.006 after culture with 79 mM HCO32; n 5 101–190, N 5
–12; P , 0.05; nANOVA).
HCO3
2/Cl2 Exchanger mRNA Content and Role of
Protein Synthesis and Trafficking
Unfertilized eggs were examined by RT-PCR for the
expression of the AE2 isoform of HCO32/Cl2 exchanger
previously shown to be the sole isoform expressed in
zygotes (Zhao et al., 1995). AE2 was detected in both
unfertilized eggs and zygotes (Fig. 6.). The similar intensi-
ties of the PCR products obtained from eggs and zygotes, as
well as the similarly decreased intensity when only five
eggs/zygotes were used for the reverse transcription, indi-
cated that there were qualitatively similar levels of expres-
sion in eggs and zygotes.
To determine whether the time-dependent upregulation
of HCO32/Cl2 exchanger activity was dependent on protein
synthesis, in vitro-fertilized eggs were cultured for 7–9 h
with 50 mg/ml cycloheximide immediately following re-
moval from the 1-h incubation with sperm. HCO32/Cl2
exchanger activity was then assayed in zygotes with two
pronuclei using the Cl2 removal assay. There was no
ignificant difference between the mean rates of alkaliniza-
ion in control zygotes (0.078 6 0.008 pHU/min) and those
n cycloheximide-treated zygotes (0.067 6 0.005 pHU/
in 6 SEM, P 5 0.15; Student’s t test).
To determine whether translocation of presynthesized
proteins was required, the effect of disrupting the Golgi
apparatus with brefeldin A, actin filaments with cytocha-
lasin D, or microtubules with demecolcine on the upregu-
FIG. 6. RT-PCR detection of AE2 HCO32/Cl2 exchanger isoform
mRNA expression. Total RNA from 30, 10, or 5 (as marked) eggs or
zygotes was reverse transcribed (RT), and 1/20 of the total cDNA
from each RT was used for PCR. The lane marked B is a sample of
the final drop in which zygotes were washed, treated identically to
egg/embryo samples (i.e., RNA isolation, RT-PCR). Expected size
of PCR product is 210 bp, marked at right of gel. Unmarked lane is
fx174 HindIII digest marker (sizes shown on left).lation of HCO32/Cl2 exchanger activity following IVF was
examined. The mean rates of alkalinization were as follows:
s of reproduction in any form reserved.
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401Fertilization Activates HCO32/Cl2 Exchangebrefeldin A, 0.061 6 0.006, and paired control, 0.058 6
0.002 (pHU/min 6 SEM); cytochalasin D, 0.058 6 0.013,
and paired control, 0.071 6 0.014; demecolcine, 0.076 6
0.020, and paired control, 0.076 6 0.013 (n 5 31–51; N 5
–4). In each case the mean rates of alkalinization were not
ignificantly different between the group with the inhibitor
nd its respective paired control (P . 0.05; Student’s t test).
Role of cAMP-Dependent or Protein Kinase C-
Dependent Pathways
To determine whether the time-dependent upregulation
of HCO32/Cl2 exchanger activity was dependent on a
AMP-dependent pathway (e.g., PKA), intracellular cAMP
cAMPi) was raised in unfertilized eggs by exposure to 0.1
M forskolin, 0.3 mM dbcAMP, and 0.2 mM IBMX for 3–6
in culture, after which HCO32/Cl2 exchanger activity was
measured by the Cl2 removal assay. The rates of intracel-
lular alkalinization were not significantly different between
eggs exposed to the treatment which increased cAMPi
(0.0135 6 0.006 pHU/min; n 5 66, N 5 6) and control eggs
0.0124 6 0.009; n 5 76, N 5 5; P 5 0.26; Student’s t test).
o determine whether upregulation of HCO32/Cl2 exchange
following IVF was dependent on PKA activation, in vitro-
fertilized eggs were cultured with 5 mM H-89 (PKA inhibi-
tor) for 7–9 h following the 1-h sperm–egg incubation.
HCO32/Cl2 exchange in zygotes with two pronuclei was
then assessed using the Cl2 removal assay. There was no
ignificant difference between the mean rates of alkaliniza-
ion in control (0.088 6 0.005 pHU/min; n 5 45, N 5 3) and
-89-treated zygotes (0.089 6 0.011 pHU/min; n 5 48, N 5
4; P 5 0.96; Student’s t test).
To determine whether PKC activation could upregulate
the HCO32/Cl2 exchanger, unfertilized eggs were cultured
ith 100 nM PDD or PMA for 3–6 h in culture, and activity
as assessed by the Cl2 removal assay. HCO32/Cl2 ex-
hange was not stimulated in unfertilized eggs by phorbol
sters as the rates of intracellular alkalinization were not
ignificantly different between eggs exposed to PDD
0.029 6 0.012; n 5 61, N 5 5), eggs exposed to PMA
0.016 6 0.005; n 5 67, N 5 6), or control eggs (0.027 6
0.004; n 5 152, N 5 11; P 5 0.37; pANOVA). To determine
whether upregulation of HCO32/Cl2 exchange following IVF
was dependent on PKC activation, eggs were cultured with
10 mM sphingosine (PKC inhibitor) for 7–9 h following a 1-h
perm–egg incubation. HCO32/Cl2 exchanger activity in the
esulting zygotes with two pronuclei was then assessed
sing the Cl2 removal assay. There was no significant
difference between the mean rates of alkalinization in
control zygotes (0.073 6 0.009 pHU/min; n 5 28, N 5 3) and
hose in sphingosine-treated zygotes (0.059 6 0.015 pHU/
in 6 SEM; n 5 33, N 5 4; P 5 0.28; Student’s t test).
Role of Ca21 Transients Immediately Following
ertilization
To determine whether upregulation of HCO32/Cl2 ex-
change required the Ca21 transients which follow fertiliza-
S
p
Copyright © 1999 by Academic Press. All rightion, newly fertilized eggs were loaded with the Ca21
chelator BAPTA. Using the Ca21-sensitive fluorophore
ura-2 to measure intracellular Ca21, we were able to
emonstrate robust Ca21 transients in fertilized eggs (Fig.
C, top). When loaded with BAPTA, however, the Ca21
transients were completely suppressed (Fig. 7C, bottom).
HCO32/Cl2 exchange was assessed in fertilized eggs by the
Cl2 removal assay at 7–9 h postfertilization. We found that
development of HCO32/Cl2 exchange by 7–9 h postfertiliza-
tion was significantly inhibited in fertilized eggs which had
been loaded with BAPTA immediately after fertilization
compared to paired vehicle control (Fig. 7A; P 5 0.01;
FIG. 7. Effect of BAPTA-AM inhibition of early Ca21 transients
on HCO32/Cl2 exchanger activity. HCO32/Cl2 exchange activity
was assayed by the Cl2 removal assay at 7–9 h post-sperm–egg
ncubation. Mean rates of intracellular alkalinization (6SEM) are
hown in A and B. (A) The rate of alkalinization measured at 7–9 h
ost-sperm–egg incubation was significantly lower when fertilized
ggs were loaded with BAPTA immediately after sperm–egg incu-
ation than in the vehicle (DMSO) control (*P 5 0.01). (B) BAPTA
loading at 6–8 h postfertilization did not significantly affect the
rate (P 5 0.69). (C) Intracellular Ca21 was measured using fura-
2-AM at 1 h postfertilization. The top shows Ca21 transients in
ertilized eggs exposed to vehicle alone (n 5 7) while the bottom
hows that Ca21 transients were eliminated in fertilized eggs
loaded with BAPTA (n 5 6). Each trace represents a separate
fertilized egg. Numbers above bars as in Fig. 1.tudent’s t test). In contrast, loading with BAPTA 6–8 h
ost-sperm–egg incubation had no significant effect on the
s of reproduction in any form reserved.
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402 Phillips and Baltzmeasured rate of intracellular alkalinization (Fig. 7B; P 5
0.69, Student’s t test).
DISCUSSION
HCO3
2/Cl2 Exchanger Activity Is Upregulated
during Early Development
If active HCO32/Cl2 exchangers are present, removal of
xternal Cl2 will produce a marked intracellular alkaliniza-
ion (Nord et al., 1988; Zhao and Baltz, 1996). Yet, in
nfertilized eggs this maneuver resulted in only a low rate
f alkalinization, which was not greatly affected by 500 mM
DIDS. In contrast, in vivo fertilized zygotes obtained 8–12 h
after fertilization exhibited a large DIDS-sensitive alkalin-
ization upon Cl2 removal. Cl2 efflux upon external Cl2
removal also occurred at an approximately twofold greater
rate from zygotes than from eggs, indicating an increase in
available pathways for Cl2 to cross the membrane. This is
onsistent with the appearance of HCO32/Cl2 exchange as
n additional pathway for Cl2 efflux in the zygote. We also
xamined the ability of eggs and zygotes to recover from
ntracellular alkalosis, a process mediated by HCO32/Cl2
exchange. We found that recovery from intracellular alka-
losis in eggs was slow, incomplete, and unaffected by DIDS
or the absence of external Cl2, whereas the recovery in
zygotes was rapid, was DIDS inhibitable, and required
external Cl2, which is consistent with HCO32/Cl2 ex-
hanger activity.
pHi regulation by HCO32/Cl2 exchange is characterized
y a pHi threshold or set point, above which the exchanger
is activated and below which it is quiescent (Olsnes et al.,
1987; Alper, 1994; Zhao and Baltz, 1996; Zhang et al., 1996).
y examining the rate of recovery from induced alkalosis,
he set point can be determined (Zhao and Baltz, 1996).
rom Fig. 3B, it was found that the apparent set point for
ygotes was approximately 7.12, consistent with previous
easurements of set point in mouse embryos (7.0–7.2;
hao and Baltz, 1996) and comparable to the values for
ctivated exchangers in other cells. In contrast, no set point
ould be identified for unfertilized eggs in the range of pHi
up to 7.6 (Fig. 3A), indicating the absence of significant
HCO32/Cl2 exchanger activity in eggs. However, we cannot
ule out the possibility that the exchanger could be acti-
ated at some pHi above 7.6 in eggs. Taken together, our
ata indicate that unfertilized eggs lack significant HCO32/
l2 exchanger activity, while zygotes obtained 8–12 h after
fertilization demonstrate robust activity that is appropri-
ately DIDS sensitive with a defined pHi set point, which
hey require to regulate pHi against alkalosis.
Zygotes obtained from natural matings at 3–6 h postfer-
tilization exhibited lower HCO32/Cl2 exchanger activity
compared to zygotes obtained at 8–12 h, suggesting that
activity might develop slowly after fertilization. When IVF
was used to more precisely determine the time of fertiliza-
tion, we found that HCO32/Cl2 exchanger activity devel-
ped gradually and was first detected after about 4 h,
Copyright © 1999 by Academic Press. All righteaching maximal activity after approximately 8 h. In
ontrast, activity in unfertilized eggs did not change even
hen cultured up to 9 h. From the timing, it would appear
hat HCO32/Cl2 exchanger activity is gradually activated
uring the G1 phase of the first cell cycle during the period
n which repetitive Ca21 transients are evident. These
transients continue until pronuclear formation (Jones et al.,
1995), which occurs at about 4–5 h post-IVF. Maximal
activity is reached prior to the first round of DNA synthesis
in the zygote. Thus, activation of HCO32/Cl2 exchange, and
therefore the acquisition of pHi regulatory competence, is a
feature of early development in the mouse.
Egg Activation Appears to Upregulate Preexisting
HCO3
2/Cl2 Exchangers
Increased HCO32/Cl2 exchanger activity could result
from translocation of presynthesized exchanger proteins to
the plasma membrane or from synthesis of new transport-
ers followed by translocation. Alternatively, inactive ex-
changers already present in the plasma membrane could be
activated following fertilization. Our data support the latter
mechanism. Messenger RNA, encoding the sole HCO32/Cl2
isoform present in the zygote, AE2 (Zhao et al., 1995), is
already present in the unfertilized egg at a level qualita-
tively similar to that in the zygote. New protein synthesis
is not required, since the development of HCO32/Cl2 ex-
changer activity was not inhibited by cycloheximide at
concentrations previously shown to eliminate protein syn-
thesis in mouse zygotes (Siracusa et al., 1978; De Sousa et
al., 1993). Furthermore, trafficking of proteins from the
Golgi to the plasma membrane is not required, since
neither brefeldin A, which disrupts the Golgi (DeSousa et
al., 1993; Invessa et al., 1995; Fujiwara et al., 1998), nor
emecolcine, which disrupts microtubule-based vesicle
ransport from the Golgi (Prather and First, 1986), had any
ffect. In addition, cytochalasin D disruption of the actin
ytoskeleton (Shatten et al., 1989) was without effect,
liminating any mechanism which relies on actin-based
ransport or an intact cytoskeleton. Thus, it appears that
nactive exchanger proteins must be present in the plasma
embranes of unfertilized eggs and are activated following
ertilization, resulting in robust HCO32/Cl2 exchanger ac-
tivity. This is similar to the findings for hamster Na1/H1
antiporter (Lane et al., 1999).
It is well established that the activity of the other major
Hi-regulatory mechanism, the Na1/H1 antiporter, can be
egulated by PKC (Orlowski and Grinstein, 1997), but the
echanisms controlling the activity of the HCO32/Cl2
exchanger have not been fully elucidated. Serum (Jiang et
al., 1994), phorbol esters (which activate PKC; Olsnes et al.,
1986), and intracellular cAMP levels (smooth muscle; Vigne
et al., 1988) have each been shown to affect HCO32/Cl2
exchanger activity. In addition, consensus sequences for
PKA, PKC, casein kinase II, and possible tyrosine phosphor-
ylation sites were found in the exchanger proteins (Yan-
noukakos et al., 1994). Thus, such signaling pathways may
s of reproduction in any form reserved.
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403Fertilization Activates HCO32/Cl2 Exchangeregulate the activity of HCO32/Cl2 exchangers. Both cAMP-
and PKC-dependent pathways have been implicated in
oocyte maturation and egg activation. However, neither
raising intracellular cAMP levels, thereby activating cAMP-
dependent pathways, nor addition of phorbol esters to
activate PKC elicited HCO32/Cl2 exchanger activity in
nfertilized eggs. Furthermore, inhibitors of PKA or PKC
id not prevent the development of HCO32/Cl2 exchanger
activity after fertilization. In addition, raising intracellular
cAMP through the addition of exogenous dbcAMP imme-
diately following IVF had no effect on the level of HCO32/
l2 exchanger activity (data not shown). The reagents used
to investigate these pathways have previously been shown
to be effective at these concentrations in mouse embryos
(Schultz et al., 1983; Moore et al., 1995; Ohsugi et al., 1993)
or other cell types (Yuan and Bers, 1995; Connor and
Henderson, 1996). Thus, we conclude that upregulation of
HCO32/Cl2 exchanger activity in the mouse egg after fertili-
zation does not involve a cAMP-dependent or PKC-
dependent pathway. This is in contrast to the upregulation
of Na1/H1 antiporter activity in hamster and sea urchin
ggs after fertilization, which apparently requires PKC
ctivity (Lane et al., 1999; Epel, 1988).
We also investigated the possible role of the repetitive
a21 transients which begin at fertilization and persist until
he development of pronuclei (Jones et al., 1995). Our
esults indicate that Ca21 transients may be required for
HCO32/Cl2 exchange upregulation, as elimination of these
transients by introduction of the Ca21 chelator BAPTA soon
after fertilization led to an almost 50% reduction in the
amount of HCO32/Cl2 exchanger activity measured 7–9 h
later. In contrast, introduction of BAPTA into zygotes with
fully developed HCO32/Cl2 exchanger activity, after Ca21
transients had ceased, had no effect. This is consistent with
a requirement for early Ca21 transients in the gradual
activation of HCO32/Cl2 exchange following fertilization,
ossibly via Ca21/calmodulin dependent kinase II activity
n fertilized eggs (Johnson et al., 1998). Further work is
learly needed, however, to fully characterize the role and
echanism of Ca21 transients in the regulation of HCO32/
Cl2 exchanger activity.
Function of HCO3
2/Cl2 Exchange Activation
Following Fertilization
The data presented here indicate that HCO32/Cl2 ex-
hange is activated by fertilization in the mouse. Na1/H1
antiporter activity is similarly activated in the hamster
(Lane et al., 1999) and in the sea urchin (Johnson et al.,
1976; Epel, 1988). Thus, activation of pHi-regulatory
mechanisms may be a widespread feature of fertilization. A
large change in resting pHi might not be expected in
mammals, in contrast to sea urchins, as the pHi of unfer-
ilized eggs is already permissive for metabolism and devel-
pment (Kline and Zagray, 1995; Phillips and Baltz, 1996;
en-Yosef et al., 1996; Dale et al., 1998), while pHi of
nfertilized sea urchin eggs is very low (Epel, 1988). One
Copyright © 1999 by Academic Press. All rightole of activation of pHi-regulatory mechanisms may be to
llow the fertilized egg to maintain pHi in the face of the
ncreased perturbations which occur in metabolically acti-
ated cells even if resting pHi is unchanged. This is consis-
ent with data in other systems showing that pHi-
regulatory mechanisms are coordinately activated by
metabolic stimulation to provide more robust pHi regula-
tion without a change in resting pHi (Ganz et al., 1989) and
is also one role of the activated Na1/H1 antiporter in sea
urchin (Rees et al., 1995). Therefore, we propose that
activation of pHi-regulatory mechanisms may be a general
feature of fertilization whose function is, in part, to allow
the metabolically activated egg to maintain pHi.
The slow time course of HCO32/Cl2 exchanger activation
indicates that there is a period following fertilization during
which the fertilized egg is less able to regulate its pHi
against alkalosis, a condition that might result from expo-
sure to the alkaline oviductal environment (Maas et al.,
1977, and our unpublished data). Interestingly, the time
required for full activation of the exchanger is nearly
identical to that required for the dispersal of the cumulus
mass in vivo (Roblero et al., 1989). Thus, the cumulus may
possibly have a role in protecting the egg and early zygote
from exposure to alkaline oviductal fluid until such time as
the HCO32/Cl2 exchanger is fully activated, but this re-
mains to be investigated.
In summary, we have shown that fertilization in the
mouse results in the slow upregulation of HCO32/Cl2 ex-
changer activity, most likely via activation of preexisting
exchanger proteins. The exchanger functions to protect the
metabolically activated zygote against pHi perturbations,
ncluding those which would be induced by exposure to the
lkaline oviductal environment. If HCO32/Cl2 exchanger
activity did not develop, the resulting alkalosis would
prevent further development (Zhao et al., 1995), and there-
fore this activation is an important feature of early mam-
malian development which has not been previously de-
scribed.
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